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Neutron diffraction and magnetic susceptibility studies of (Li123xFex)NiPO4 (x50 andx50.033) com-
pounds reveal remarkable differences between the magnetic properties of pure LiNiPO4 and those of its lightly
iron-doped derivative. The spin system associated with the Ni21 ions (S51) in the pure compound undergoes
a collinear antiferromagnetic ordering atTN519.160.5 K, with the characteristics of weakly coupled two-
dimensional~2D! Ising square planes. By contrast, randomly intercalated iron spins~in Li sites! between Ni21

planes comprise a spin-glass-like subsystem which, despite their minute amount, drives the antiferromagnetic
transition to higher temperaturesTN525.260.5 K, and significantly modifies the critical behavior of the 2D
Ni21 system. It is argued that the doped compound can serve as a model system for studying the randomly
coupled planar Ising model.@S0163-1829~99!15425-0#
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I. INTRODUCTION

The physical and chemical properties of metal oxid
such as phosphates and silicates are of interest becau
their potential applications in the areas of ion exchange,
tercalation, sorption, catalysis, and others.1 These materials
exhibit a variety of structural features, the most prominen
which is the existence of tunnels in which small ions c
move freely; a property that makes them potential hosts
the insertion and extraction of ions as cathode material
rechargeable batteries.1–3 In addition, depending on the
choice of metal ions, well-defined low-dimensional syste
in the form of chains or layers of magnetic ions can be id
tified in these compounds, making these materials suita
candidates for exploring low-dimensional physical system4

LiNiPO4 belongs to the olivine family of lithium ortho
phosphates LiMPO4 (M5Mn, Fe, Co, and Ni! ~Ref. 3! with
space groupPnma. It has an elongateda axis, of length that
is about twice theb and c cell constants,3 with a structure
that is comprised of nearly close-packed oxygen atoms
hexagons, with Li and Ni ions that are located at the cen
PRB 600163-1829/99/60~2!/1100~11!/$15.00
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of octahedral sites and P ions that are in tetrahedral sites.
NiO6 octahedra are corner shared and cross-linked with
PO4 tetrahedra, forming a three-dimensional network, w
tunnels along the@010# and @001# directions occupied by Li
ions. However, the structure is closely packed compa
with other Li-metal phosphates,3 allowing for little ionic
hopping. In principle, Li mobility can be increased by intr
ducing vacancies in the Li sites, by exchanging severa
ions by a single di- or trivalent transition metal ion, prese
ing the charge balance in the system. Such substitution
Fe31 for three Li1 ions yielded (Li123xFex)NiPO4 for x
50, 0.03, 0.06, and 0.1 as identified by both7Li and 31P
NMR spectra and Mo¨ssbauer measurements.5–7 Our neutron
scattering studies are aimed at shedding light on the feas
ity of such an approach to increase the Li mobility.

All members of the LiMPO4 family (M5Mn, Fe, Co, Ni!
contain buckledMO layers that are stacked along thea axis.
There is a relatively strong antiferromagnetic~AF! coupling
between nearest-neighbor~NN! transition-metal ions in the
plane by superexchange interaction through an oxygen b
M -O-M .8–10 However, there is no direct or superexchan
1100 ©1999 The American Physical Society
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PRB 60 1101WEAKLY ( x50) AND RANDOMLY ( x50.033) COUPLED . . .
coupling between the moments in different planes, and o
higher-order exchange interactions involving the phosph
group are possible (M -O-P-O-M as suggested by Mays11!.
This strongly suggests that these systems exhibit quasi-
dimensional~quasi-2D! magnetic behavior.

Here we report on structural and magnetic neut
scattering and magnetic susceptibility studies
(Li 123xFex)NiPO4 (x50 and 0.033!. Santoroet al.8,10 re-
ported on the magnetic structure and susceptibility of
LiMPO4 group (M5Fe, Co, Mn, Ni!; however, due to the
weak magnetic intensities from LiNiPO4 the magnetic struc-
ture was not fully determined.8 In reexamining the pure
LiNiPO4 compound we wish to elaborate on previous stud
in two respects by determining the magnetic structure
LiNiPO4, including the magnitude and direction of the ma
netic moments,12 and by characterizing the 2D nature of th
magnetic system as discussed above. Then, by comparin
pure system to the iron-doped one, the effect of minute m
netic impurities inserted between the NiO planes can be
ter understood. In the past, randomly distributed atomic s
stitutions in pure compounds yielded intriguing as well
useful systems such as doped semiconductors, spin glas
terials, and superconductors. Such substitutions can h
profound effects on electronic band structures and on crit
phenomena. As demonstrated below, a minute amount o
substitution in LiNiPO4 dramatically modifies the magneti
properties of the pure compound.

II. EXPERIMENT

Neutron scattering measurements were carried out on
HB-1A triple-axis spectrometer at the High Flux Isotope R
actor ~HFIR! at Oak Ridge National Laboratory. A mono
chromatic neutron beam of wavelengthl52.368 Å (k0
52p/l52.653 Å21) was selected by a double monochr
mator system using the~002! Bragg reflection of highly ori-
ented pyrolytic graphite~HOPG! crystals. Thel/2 compo-
nent in the beam was removed~to better than 1.3 parts in
104) by a set of HOPG crystals situated between the t
monochromating crystals. The polycrystalline samples~of
volume'8 cm3) were sealed in thin-walled vanadium ca
under He environment and mounted in a Heliplex~APD
Cryogenics Inc.! closed-cycle He refrigerator for measur
ments. The collimating configuration used w
408,408,S,348,688. Magnetic susceptibility measuremen
were performed on a superconducting quantum interfere
device ~SQUID! magnetometer~Quantum Design MPMS!
on the same samples that were used for the neutron scatt
experiments.

LiNiPO4 was prepared by solid state reactions of LiO
Ni(NO3)2•6H2O, and H2NH4PO4. For the doped phases
Fe(NO3)3•9H2O was included as a starting component. T
starting materials were ground together in an agate mo
and the resulting mixtures were heated at 573 K for 1 h and
subsequently at 923 K for another hour to decompose
phosphates and nitrates. The resulting mixture was then
for 20 h at 1023 K with an intermediate regrinding after 10
The final products were then quenched from 1023 K to ro
temperature.13,14 The contents of Li, Fe, Ni, and P in th
products was determined by ICP-AES analysis confirm
the chemical formula (Li123xFex)NiPO4. The compounds
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were characterized by x-ray powder diffraction method,
ing Cu Ka radiation, confirming a single phase. Mo¨ssbauer
experiments indicated that all of the the iron ions are of Fe31

type in a single phase, with a minute secondary phase~less
than 2%!, corresponding to the Li3Fe2(PO4)3 phase, which
was not observed in the x-ray diffraction.15

III. RESULTS AND DISCUSSION

A. Two-dimensional antiferromagnetism in pure LiNiPO4

1. Neutron diffraction

To determine the purity of the sample and the variatio
upon cooling below room temperature, neutron powder d
fraction patterns were collected in the 2u range 10°-140° at
294 K and 10 K. The structure was refined using the Rietv
method with theGSAS program.16 The structural parameter
of LiNiPO4 determined by Geller and Duran17 and refined by
Abrahams and Easson18 were used as initial parameters fo
the fitting. Due to the presence of Li in the sample, abso
tion corrections were calculated and accounted for in
analysis.16 Figures 1~a! and 1~b! show the diffraction pat-
terns at 10 K and 294 K for LiNiPO4. The cell dimensions
and atomic positions, listed in Table I, are consistent wit
error with those determined by Abrahams and Easson.18 The
thermal factor for Li is much higher than that of other atom
as expected for a lighter and smaller ion.

At low temperatures a new set of reflections, which c
be indexed based upon the chemical unit cell, is observed
is shown in the difference between the calculated fit and

FIG. 1. Neutron powder diffraction patterns at 10 K and at 2
K of LiNiPO4. The solid lines are fits to the data usingPnma
symmetry with the structural parameters in Table I; the low
dashed line is the difference between the measured~1 symbols!
and the fitted curve.
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TABLE I. Structural parameters of LiNiPO4 at T510 K and atT5294 K obtained from the diffraction
data shown in Fig. 1. The model structure hasPnmasymmetry.

T5294 K
Atom x y z U3100 (Å2)

Li 0.0 0.0 0.0 1.8~3!

Ni 0.2761~1! 0.25 0.9812~5! 0.33~7!

P 0.0943~4! 0.25 0.4170~7! 0.20~11!

O~1! 0.0989~4! 0.25 0.7434~8! 0.56~12!

O~2! 0.4522~3! 0.25 0.2019~6! 0.00~11!

O~3! 0.1662~3! 0.0415~4! 0.2773~4! 0.31~7!

a510.0927~5! Å b55.8905~3! Å c54.7050~2! Å Cell volume 5279.78~2! Å3

T 5 10 K
a510.0738~10! Å b55.8768~5! Å c54.6969~4! Å Cell volume 5278.07~4! Å3
h
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measured data in Fig. 1. To minimize thermal effects, t
diffraction pattern was measured atT550 K and subtracted
from that measured atT55 K as is shown in Fig. 2. To
account for the extra reflections we follow Santoroet al.8–10

in their analysis of the magnetic structure of LiMPO4 com-
pounds and propose that they are due to the AF ordering
Ni21 (S51). The model is such that Ni21 (S51) ions lo-

cated at@ 1
4 1e, 1

4 ,2d#, @ 1
4 2e, 1̄

4 , 1
2 2d# ~referred to as sites

Ni1 and Ni2! are antiparallel to one another and the ions
@ 1̄

42e, 1̄
4,d#, @ 1̄

41e, 1̄
4,

1
2 1d# ~Ni3 and Ni4! are anti-parallel

to the first pair, as depicted in Fig. 3. Heree50.026 andd
50.018 as determined from the powder diffraction analys
~see Table I!. The magnetic model is similar to that of the
isostructural compounds LiMPO4 (M5Mn, Fe, Co! but
with different spin orientations. The Ni spin system~at posi-
tions Ni1 and Ni2; see above! spans a buckled rhombus lat
tice with an edge length~i.e., nearest-neighbor distance! a
53.81 Å and an anglea'101.4° ~or, equivalently, a cen-

FIG. 2. The difference between diffraction patterns taken atT
55 K and T550 K for pure LiNiPO4 ~lower part! and impure
(Li123xFex)NiPO4 ~upper part!. These extra reflections are due to
the antiferromagnetic ordering of the Ni21 spins (S51) and can be
indexed based on the chemical unit cell. The solid lines are the b
fits to the data with the AF models as described in the text. Noti
that the~200! magnetic reflection is stronger for the impure samp
~upper curve!, indicating stronger couplings between the plane
when Fe is inserted into LiNiPO4.
e
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t
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tered rectangular lattice withb55.8 Å andc54.7 Å , see
Fig. 3!. These buckled NiO layers are orthogonal to thea
axis and are about 5.0 Å apart. The distance between nea
neighbor Ni ions in adjacent planes is 5.8 Å. The magne
structure factor for a general (h,k,l ) reflection can be readily
calculated on the basis of the magnetic model shown in F
3:

FNi54mNi f Ni~Q!sinFpS 2he1
k

2
22ld D GcosS ph

2 D
for even l ’s,

4mNi f Ni~Q!cosFpS 2he1
k

2
22ld D GsinS ph

2 D for odd l ’s,

~1!

wheref Ni(Q) is the magnetic form factor of Ni21 at momen-
tum transferQ52k0 sinu, andmNi is the average magneti
moment of the Ni21 ion. To extract the average ordere
magnetic moment and its direction (ŝNi is a unit vector in the

st
e

s

FIG. 3. Depiction of the magnetic structure model of LiNiPO4,
showing the projection of four unit cells onto theb-c plane~phos-
phorous and oxygen atoms are omitted!. The Ni atoms form two
antiferromagnetic buckled layers that are orthogonal to thea axis at
x5

1
4 ~solid circles! and atx5

3
4 ~open circles!, wherex represents

the fractional position along thea axis. Dashed line rhombus show
the 2D magnetic unit cell. Li atoms form flat layers at thex50
~solid circles! and atx5

1
2 ~open circles!.
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direction of the moment!, the magnetic diffraction data in
Fig. 2 are fitted to the calculated intensity19

I 5
A@FNi~ ŝNi2 ŝNi•k̂ !r 0#2

sin~u!sin~2u!
, ~2!

whereA is a known scale factor determined from the fittin
procedure to the nuclear diffraction pattern~Fig. 1!, k̂ is a
unit vector in the direction of the scattering vector (Q5k i
2k f), and r 050.269310212 cm. Four adjustable param
eters were refined in the fitting procedure: the magnitude
the average magnetic momentmNi , the anglef that the
magnetic moments make with respect to thec axis in thea-c
crystallographic plane20 (cosf5ŝNi•k̂), and two global
peak-shape parameters. The magnetic Bragg peaks ar
sumed to be of Gaussian shape with a widthD that varies
linearly with the scattering angle 2u as D(2u)5D012uD1
over the 2u range shown in Fig. 2. The solid line in Fig. 2
the best fit to the experimental data, yielding an anglef
5063°; i.e., the magnetic moment points in thec-axis di-
rection. The extracted average magnetic momentgS5(2.83
60.1)mB per Ni atom. The~200! magnetic reflection~at
2u(200)527.24°; see Fig. 2! is weaker in intensity than the
model predicts, indicative of poor correlations between
magnetic planes, even at temperatures as low as 2 K.

Figure 4 shows the normalized integrated intensityI (T)
of the ~010! reflection as a function of temperature. The i
tensity of the magnetic peak depends on the AF stagg
magnetizationI (T);uM†(T)u2, which is also the order pa
rameter of the magnetic system. As a first step in the ch
acterization of the spin system~spin symmetry, in particu-
lar!, we assume a power law function for the order parame

M†~T!/M†~0!5A~12T/TN!b, ~3!

FIG. 4. The normalized intensity of the~010! AF reflection vs
temperatureT. The solid line is a fit to the power law function, Eq
~3!, yielding a TN519.160.5 K and b50.1260.01. The dotted
and dashed lines are fits to the data using the staggered magn
tions M2D

† (T) and MCO
† , respectively, as discussed in the te

AboveTN elastic scattering is observed due to the finite correlati
in the 2D system. BelowTN the magnetic system has long-range 2
order with weak interplanar correlations, aboveTN the system has
short range 2D correlations, and forT>40 K the magnetic system
is in the paramagnetic phase.
f

as-

e
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r-

er

which yields ab50.1260.01 and a Ne´el temperatureTN
519.160.5 K. The value of the critical exponentb is con-
sistent with the layered nature of the spin system and, in f
is very close to the exact theoretical value of the 2D squ
Ising model (b50.125).21 Similar observations concernin
layered Ni21 in other systems have been reported.22 In par-
ticular, in the case of K2NiF4, despite the fact that the spi
Hamiltonian is isotropic, additional weak anisotropy dom
nates the behavior at the critical region, giving rise to ab
50.14 ~Ref. 23!.

To construct a Hamiltonian for the spin system we rec
that the in-plane superexchange interaction of nearest ne
bors in LiNiPO4, J2D , through the Ni-O-Ni path is expecte
to be much stronger than that between nearest interp
neighbors,J' , with a Ni-O-P-O-Ni path, which is of a
higher-order perturbation.11 These couplings are general
isotropic where anisotropic terms are usually very sm
Here we argue that the Ising-like behavior is invoked by
local perturbation term of the form2D(Sz)2 due to crystal
field effects and spin-orbit coupling.24 This term is common
to transition-metal ions in an axial or rhombic symmet
~Refs. 25–28! which, for Ni21, leads to a zero-field splitting
of the triplet, into a doublet and a singlet. With the abov
mentioned arguments we propose the following spin Ham
tonian for this highly anisotropic magnetic system:

H5(
r

F2J2D(
j

Sr•Sr1j2J'(
l

Sr•Sr1 l2D~Sr
z!2G , ~4!

where r labels the Ni spins in the 3D structure, and j lab
the four in-plane and l labels the interlayer nearest-neigh
Ni sites. ForD.0 the ground state of the spin system
doubly degenerate and the only transformation that lea
the ground state invariant is the one in whichSr

z→2Sr
z .

According to the universality hypothesis,29 the critical be-
havior of a spin system is dominated by the ground state
the free spin, and thus, by virtue of the zero-field-splitti
term, the Ni21 spin system resembles that of theS5 1

2 Ising
model for which the spontaneous staggered magnetizatio
given by21

M2D
† ~T!5M†~0!@12sinh24~2J̃2D /T!#1/8, ~5!

where J̃2D is an effective Ising coupling. Although close t
the transition temperature, Eq.~5! fits the order parameter
with J̃2D528.4 K reasonably well~dotted line Fig. 4!, a
significant difference between the measured and calcul
order parameter is observed at lower temperature (T,TN).
This deviation, as we argue below, is due to the spatial cro
over from the 2D to the 3D ordering caused by the we
interlayer nearest-neighbor average coupling (J̃'). Just be-
low the onset of the 2D long-range order, the interact
between staggered magnetizations of adjacent layers~after
renormalization of the exchange! can be approximated by th
1D Ising model. Although the 1D system does not order
any finite temperature, the magnetization at zero magn
field and the correlation length grow exponentially as t
temperature is lowered asM1D;e2J̃' /T. Therefore, in this
approximation the order parameter in the crossover from
to 3D, Eq.~5!, is modified to

iza-

s
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MCO
† ~T!;e2J̃' /TM2D

† ~T!. ~6!

Fitting the measured intensity in Fig. 4 with Eq.~6! ~al-
though it fails at very low temperaturesT<4 K) yields
J̃2D528.460.2 K andJ̃'520.460.02 K.

At temperaturesT>TN the magnetic scattering persists
the form of diffuse scattering to almost 2TN before reaching
the background level. Such quasielastic scattering at
nominal~010! is due to the finite integration of the resolutio
function of the spectrometer over the scattering along
(h00) rod, originating from the 2D short-range order abo
TN . Such behavior is characteristic of the 2D Ising mod
where the correlation length remains finite up to abouT
;2TN ~Ref. 21!.

2. Magnetic susceptibility

The magnetic susceptibility versus temperaturex(T), for
pure LiNiPO4, was measured in the temperature ran
4–300 K, as shown in Fig. 5, and was found to be practica
independent of magnetic field~up to H55 T) except for a
very subtle field dependence at very low temperatures
discussed below. The inverse magnetic susceptibility 1/x(T)
shown in Fig. 5 is linear in the temperature range 50–300

FIG. 5. ~a! Magnetic susceptibility and its inverse versus te
perature for LiNiPO4. The linear fit to the data~dashed line! in the
paramagnetic regime~50–300 K!, is the Curie-Weiss law with an
effective magnetic moment ofgAS(S11)5(3.260.1)mB . ~b! In-
verse magnetic susceptibility in the vicinity of the antiferromagne
transition. The solid line is a linear combination of the parallel a
perpendicular susceptibilities of the plane square Ising model.
e

e

l

e
y

as

,

characteristic of a paramagnetic system, with a broad m
mum atTm'22 K, indicating an AF transition. Using th
Curie-Weiss lawx(T)5C/(T1u) and C5NA(gmB)2S(S
11)/3kBT to fit to the measured inverse susceptibili
1/x(T) ~dashed line in Fig. 5! yields an effective momen
m5(3.260.1)mB (g52.26) andu57462 K. Similar re-
sults are also obtained from the exact treatment of the s
Hamiltonian in the molecular field~MF! approximation as
shown below. At high temperaturesT@J2D ~and neglecting
the interlayer exchangeJ'), the Hamiltonian in Eq.~4! can,
in the MF approximation, be written as follows:

H52gmBFHz
effSz1

1

2
~H1

effS21H2
effS1!G2DSz

2 , ~7!

whereHeff5lM ; l5J2D(gmB)2NA)/z (M is the magneti-
zation,z54 is the number of in-plane NN’s, andH65Hx
6 iH y , S65Sx6 iSy). In the MF approximationxa(T)
5x0

a/(12lx0
a), wherex0

a is the free spin susceptibility in
the absence of exchange with the magnetic field parallel
perpendicular (a5i and', respectively! to the quantization
axis. It is then calculated in the usual way:

x0
a~T!5

NA

ZHa
(

i

2dEi
a

dHa
eEi

a/T,

whereZ is the partition function. The energy levels in th
absence of an exchange interaction (l50), Ei

a , can be ob-
tained by diagonalization of the 333 matrix associated with
Eq. ~7!, in particular, forH i ,

E(61)52D7gmBH i , E(0)50, ~8!

and forH' ,

E(61)52
D

2
7AD2

4
1~gmBH'!2, E(0)52D. ~9!

Equations~8! and ~9! show that at zero magnetic field th
triplet is split into a singlet and a ground state doublet. Us
this procedure to fit the susceptibility in the temperatu
range 50–300 K yieldsg52.3660.02, J2D52663 K, and
provides only an upper limit to the absolute value of t
zero-field splitting,uDu,25 K.

In accordance with the neutron scattering analysis and
topology of the Ni planes, we assume that the appropr
model to characterize the system in the temperature ra
4–50 K is the square lattice Ising antiferromagnet, with t
simplified Hamiltonian

H52 J̃2D(
( i , j )

Si
zSj

z2gmBHz(
i

Si
z2gmBHx(

i
Si

x ,

~10!

where the interactions of spins with the magnetic fields alo
and perpendicular to the axis of quantization are also
cluded. The properties of the Hamiltonian~10! for a variety
of lattices were thoroughly investigated30 and are well under-
stood now. The parallel susceptibilityx i(T) for the plane-
square antiferromagnet was calculated by Sykes and Fish31

using the series expansions method. Their calculation
x i(T) is given in terms of two sets of series, one for tem
peraturesT>TN @Eq. ~5.18!, Ref. 31# and the other forT

-

c
d
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<TN @Eq. ~6.7!, Ref. 31#, as reproduced in Fig. 6~a!. The
perpendicular susceptibilityx'(T) corresponding to the
Hamiltonian~10! for the plane square was solved exactly
Fisher.32 Figure 6~a! showsx'(T) for the plane-square anti
ferromagnet as calculated by using Eq.~5.42! of Ref. 32. The
Ising-like behavior of the Ni21 spins in LiNiPO4 (S51), as
argued above, is by virtue of the zero-field splitting that c
ates a ground state doublet that is separated from othe
cited states by an energy gap of at leastD. This picture is
true for both fields parallel and perpendicular to the axis
quantization. However, the calculation of the susceptibi
involves first and second derivatives of energy levels w
respect to the magnetic field, and those in the present
differ for parallel and perpendicular fields. For the paral
susceptibility, the energy levels are linear in a magnetic fie
Eq. ~8!, as for the spinS5 1

2 system, and therefore the ca
culations of Sykes and Fisher apply exactly. However, in
case of perpendicular fields, the ground state doublet s
into an energy level that is quadratic in field and another t
is a constant, Eqs.~9!. We argue that qualitatively, the gen
eral form of x'(T) will resemble that of the spinS5 1

2

model,32 although it might be significantly reduced in amp
tude. To model the measured susceptibility from our po
crystalline LiNiPO4 sample at low temperatures, a line

FIG. 6. ~a! Parallel and perpendicular susceptibilities@x i(T)
andx'(T), respectively# of the plane-square lattice Ising antiferro
magnet as calculated in Refs. 31 and 32.~b! Magnetic susceptibility
of LiNiPO4 at low temperatures. The solid line is a fit to the da
using a linear combination of the aforementioned parallel and
pendicular susceptibilities as follows:x(T)5ax i(T)1bx'(T)1c.
-
x-

f

h
se
l
,

e
its
t

-

combination of the two susceptibilities is constructed as f
lows:

x~T!5Ax i~T!1Bx'~T!1C, ~11!

whereA, B, andC are constants to be determined from the
to the data. The solid line in Fig. 6~b! represents the best fi
to the data as measured atH51000 G, using Eq.~11! with
J528.8360.1 K (TN520.060.25 K) and A50.0350
60.0004, B50.014260.0002, andC50.005760.0005 all
given in units of emu/mol. Ideally, for the spinS5 1

2 system,
the ratio A/B5 1

2 ; however, experimentally a ratioA/B
52.4760.07 ~for H51000 G) is obtained, indicating tha
the susceptibility of the polycrystalline sample is dominat
by the parallel component of Eq.~11! consistent with the
discussion above. TheA/B ratio was also extracted at var
ous magnetic fields, as shown in Table II. The gradual
crease in the contribution ofx'(T) as the field is increased i
in qualitative agreement with the field dependence of
energy levels in Eq.~9!. Even at magnetic fields as high a
H550 000 G,x i(T) dominates the susceptibility, and th
allows us to estimate a lower limit forD from Eq. ~9!: D
.2gmBH'13 K. Single-crystal studies of LiNiPO4 and ex-
act determination of the parallel and perpendicular susce
bility might shed more light on this problem, but this is n
available to us at this time.

B. Iron-impurity-induced three-dimensional
antiferromagnetism in „Li 0.90Fe0.033…NiPO4

1. Neutron diffraction

Structural analysis of the doped compound (x50.033) in-
dicates thatPnma symmetry is preserved upon substitutio
of Li sites with Fe as is demonstrated in Fig. 7 and Table
The integration of iron into Li positions does not disrupt t
structure and does not introduce new phases. At higher
concentrations (x>0.04) the compound consists o
(Li 123xFex)NiPO4 and an additional well-defined
Li3Fe2(PO4)3 phase.33 A significant change in the therma
factor of Li is observed~compare Tables I and III!, indicat-
ing a more localized Li in the impure compound. The low
temperature data~see Figs. 2 and 7! show magnetic reflec-
tions that are similar to those of the pure compound altho
they differ in their relative intensities. The magnetic~200!
reflection, which was found to be very weak for the pu
LiNiPO4, is more prominent in the impure compound, ind
cating stronger correlations between planes. In addition
the AF magnetic peaks, weak reflections superimposed

r-

TABLE II. The ratioA/B, whereA andB are the constants use
in Eq. ~11! and determined from the fit to the susceptibility data f
the polycrystalline LiNiPO4 at various magnetic fields. The de
crease in the ratio at high fields is in qualitative agreement with
energy levels being quadratic in the field due to the zero-fie
splitting termD. See text for more details.

H (G) A/B

50 2.52~7!

1000 2.47~6!

50000 2.30~5!
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nuclear Bragg reflections are observed, indicating the p
ence of a ferromagnetic component in this system. The m
intriguing feature of our results is the behavior of the ord
parameter as a function of temperature as measured on
lowest-order AF Bragg reflection~010!. Figure 8 shows the
order parameters of the pure and doped samples, demon
ing that insertion of iron into the pure LiNiPO4, even in this
minute amount, modifies the critical behavior significantly
drives the AF transition to a higher temperature, fromTN
519.160.5 K to TN525.260.5 K, and changes the criti
cal exponent fromb50.1260.01 tob50.3460.02. In ad-

FIG. 7. Neutron powder diffraction patterns at 10 K and 294
of (Li123xFex)NiPO4. The solid lines are fits to the data using th
Pnma symmetry with the structural parameters listed in Table
the lower dashed line is the difference between the measured~1
symbols! and the fitted curve.
s-
st
r
the

rat-

t

dition, it should be noted that the AF transitions for the pu
and impure compounds are remarkably sharp with no in
cations of smeared Ne´el temperatures as observed f
K2NiF4 or the random site Rb2(Mn0.5Ni0.5)F4 ~see, for in-
stance, Fig. 2 in Ref. 23!. In these compounds, it was foun
that the smearing of the transition increases approxima
proportionally with the length of the crystals along thec axis
regardless of impurities.

To account for the extra reflections we propose a nonc
linear model~see Fig. 9! with a simple modification of the
magnetic structure factor of the pure LiNiPO4 compound
~derived in the previous section!, as follows:

FM;FNi@ ŝNi2~ k̂• ŝNi!k̂#1wFFe@ ŝFe2~ k̂• ŝFe!k̂#,
~12!

;

FIG. 8. Normalized intensities of the~010! AF reflection for the
pure~upper part! and for the impure compounds~lower part!, dem-
onstrating the effect onTN and on the temperature dependence
the order parameter as the system is doped with iron.
e pure

TABLE III. Structural parameters of (Li12xFex)NiPO4 at T510 K and atT5294 K obtained from the

diffraction data shown in Fig. 7. The space group of the doped compound is the same as that of th
LiNiPO4 compound (Pnma) with no indications of any structural phase transitions.

T5294 K
Atom x y z U3100 Å2

Li ~0.94! 0.0 0.0 0.0 1.0~6!

Fe ~0.03! 0.0 0.0 0.0 1.0~6!

Ni 0.2762~2! 0.25 0.9824~6! 0.6~1!

P 0.0954~4! 0.25 0.4192~9! 0.3~1!

O1 0.1018~5! 0.25 0.742~1! 0.2~1!

O2 0.4540~4! 0.25 0.1983~8! 0.2~1!

O3 0.1661~3! 0.0415~5! 0.2767~6! 0.38~9!

a510.0832~6! Å b55.8836~3! Å c54.7147~2! Å Cell volume 5279.703~26! Å 3

T510 K
a510.0652~10! Å b55.8692~5! Å c54.7048~4! Å Cell volume 5277.93~4! Å3
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whereFNi is given by Eq.~1!, w is a weight factor fixed by
the fraction of iron present in the compound, andFFe
5 f Fe(Q)mFe. For simplicity, it is assumed that the Fe31 ion
is present at the origin of the chemical unit cell, replacing
with an occupation factor that is consistent with its prese
in the compound. There are five adjustable parameters in
model, the average magnetic momentsmNi ,mFe, the angle
fFe that the iron magnetic moment makes with theb axis in
theb-c crystallographic plane, and two additional paramet
for the peak-shape function, as discussed in the previous
tion. The direction of the Ni moment was fixed along thec
axis, just as it is in the pure compound. The fit of Eq.~12! to
the data shown in Fig. 2~upper part! is best when the mag
netic moment of the iron is pointing at an angle 0610° away
from theb axis, i.e., orthogonal to the direction of the ma
netic moments of the Ni system, creating a noncollin
magnetic system. The average magnetic moments aremNi
5(2.860.1)mB per Ni andmFe55.961 per Fe atom. Such a
noncollinear arrangement of the mixed spin system can
due to an asymmetric Ni-Fe exchange of the form

2JFe-NiSNi3SFe, ~13!

which tends to align the spins perpendicular to one anot
Alternatively, in the case of isotropic interaction with near
Ni ions, it can be the result offrustration that an Fe momen
experiences. The frustration arises because, by symmetr
interacts identically with its two nearest-neighbor Ni m
ments in adjacent layers. Below the AF transition, these
Ni moments align antiparallel to one another, and thus if
in-plane collective forces are strong enough to hold th
antiparallel, the net interaction with the iron will cancel o
and it will be frustrated. Such an effect will lead to spin
glass-like behavior of the Fe magnetic subsystem forT

FIG. 9. Modified magnetic model structure for the iro
substituted compound (Li123xFex)NiPO4. Iron occupies random Li
sites between antiferromagnetic layers~as described in more deta
in the caption of Fig. 3!. The iron moments couple antiferromag
netic Ni layers, driving the Ne´el temperature to higher values, an
modify the characteristics of the transition. The fit to the magne
diffraction data in Fig. 2 suggests that iron moments are pointin
a direction perpendicular to that of Ni moments. Such a prefe
orientation for iron can be due to an anisotropic exchange inte
tion of the form JSFe3SNi or due to frustration. The frustration
arises because Fe, by symmetry, interacts identically with its
nearest-neighbor Ni moments~in adjacent layers! which in the pure
system align antiparallel to one another.
,
e
is

s
ec-

r

e

r.

Fe

o
e

,TN , as evidenced in the susceptibility measurements
cussed below. In the other extreme of very weak coupl
between layers, as in the paramagnetic state, the effec
interaction between the two NN Ni moments in adjacent la
ers ~embracing an Fe! is ferromagnetic~FM! regardless of
the type Fe-Ni coupling, i.e., AF or FM. We thus expect t
iron moment to destroy correlations in the plane aboveTN .
This is consistent with the absence of diffuselike scatter
above the transition as is shown in Fig. 10, and in contras
the observation for the pure compound~compare with Fig. 4
of the pure compound!. It is therefore surprising that, despit
the fact that iron moments couple adjacent planes at ran
sites, not in accordance with the natural interlayer coupl
of the pure compound~introducing frustration!, their inter-
calation induces an AF transition at a significantly high
temperature.

2. Magnetic susceptibility

Figure 11 shows the susceptibility of (Li0.90Fe0.033)NiPO4
~and its inverse! measured under 50 G~triangles! and 1000 G
~squares!, indicating strong field-dependent effects at lo
temperatures. At temperaturesT.30 K the susceptibility is
independent of applied magnetic field within error, and
inverse is linear inT, indicating that in thisT range the
system is paramagnetic. From the fit of 1/x(T) to the Curie-
Weiss law we obtain an effective momentmeff5(2.96
60.05)mB per Ni andu5100.862 K. Two field-dependent
maxima atTm1512 K andTm2528 K are observed in the
susceptibility. It is most striking that paramagnetic behav
persists down to temperatures that are very close to the t
sition temperature, with no clear indication of the transiti
which occurs atTN525.260.5 K. By contrast, the behavio
of pure LiNiPO4 is completely different, with a gradual de
viation from pure paramagnetism atT>2TN;50 K. This is
consistent with our assertion that the Fe moments tend
create local frustration between adjacent layers. And it is a
consistent with the absence of diffuselike neutron scatte
of the order parameter~Fig. 10!.

c
n
d
c-

o

FIG. 10. The normalized intensity of the~010! AF reflection
versus temperature for the impure compound. The solid line is
to the power law function, Eq.~3!, yielding aTN525.260.2 K and
b50.3460.02. Unlike the case of the pure system, the 2D criti
scattering is practically suppressed aboveTN .
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1108 PRB 60D. VAKNIN et al.
The placement of an Fe ion in a Li site can affect t
magnetic state of Ni in at least two ways. First, the Fe m
ment can couple magnetically via superexchange or di
exchange interaction with Ni ions of adjacent layers. In a
dition, it can modify the charge distribution around th
nearby Ni; in particular it can distort the crystal field arou
the ion. Fe, with an effective charge that is 3 times that of
will lower the symmetry of charge around Ni, and that t
gether with spin-orbit coupling can significantly enhance
zero-field-splitting term or even introduce other terms t
will split all the levels of the spinS51 ~Ref. 25!. The local
spin Hamiltonian for Ni in the vicinity of an Fe impurity ca
thus be of the form25

H5SFeJSNi1gmBH•Si2D~Sz!
22E~Sx

22Sy
2!, ~14!

whereJ is a tensor and the term involvingE is the result of
symmetry that is lower than axial or tetragonal~rhombic!.
Diagonalization of the matrix associated with Eq.~14! gives
three distinct energy levels even in the absence of magn
field. This means that the ground state of the free Ni s
near an iron can be singlet with a moment pointing in

FIG. 11. ~a! Magnetic susceptibility and its inverse versus te
perature for (Li123xFex)NiPO4. The linear fit to the data~dashed
line! in the paramagnetic regime~50–300 K! is the Curie-Weiss law
with an effective magnetic momentm5(2.9660.1)mB , and u
5100.862. ~b! Inverse magnetic susceptibility in the vicinity o
the antiferromagnetic transition showing a magnetic field dep
dence characteristic of spin glass behavior. Magnetic suscept
ties were meausred under 50 G~triangles! and under 1000 G
~squares!.
-
ct
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i,

e
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tic
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certain direction. The many-body Hamiltonian for the dop
system is thus much more complicated and can probably
simplified in such a way as to belong to the class of laye
planar Ising~LPI! models.38 A layered Ising model is defined
in such a way that in one spatial dimension the coupling
random, whereas in the other dimensions~2D in this case!
the coupling is of the same strength.

Figure 11 shows a deviation from linearity in 1/x(T) be-
low T'30 K that is very different from the behavior of th
pure compound at thisT range. Whereas for the pure com
pound 1/x(T) indicates increased AF correlations, the dev
tion from linearity for the impure compound is suggestive
increased FM correlations. This ferromagneticlike behav
aboveTN is consistent with the tendency of iron to orient i
NN Ni neighbors ferromagnetically as discussed above. T
first and second minima in the inverse susceptibility abo
and below the transition, respectively, depend on the m
netic field in a manner that resembles spin glass syste
This is not surprising in view of thefrustration in the vicinity
of an iron impurity. Neutron scattering under a magne
field and systematic succeptibility studies are under way
shed light on this behavior.

IV. CONCLUSIONS

Using neutron diffraction experiments in conjunction wi
magnetic susceptibility measurements we demonstrated
Ni21 moments (S51) in LiNiPO4 constitute an almost idea
2D Ising antiferromagnet model. In addition to observing
order parameter that is characteristic of the plane-squ
Ising system, the weak scattering of the~200! magnetic
Bragg reflection is evidence to the poor correlations betw
the AF planes. The two-dimensional behavior of the s
system is not surprising because, as expected, the Ni
form layers where nearest neighbors in the plane are cou
via the superexchange Ni-O-Ni and nearest interlayer ne
bors are coupled via a much longer Ni-O-P-O-Ni path wh
is of a higher-order perturbation and therefore much wea
than the in-plane coupling. The in-plane superexchange
in general be isotropic with very weak anisotropies that c
assist in a crossover of spin symmetry: from Heisenberg-
to XY or Ising-like behavior. Herein, we have argued that t
main mechanism invoking Ising-like properties is a comm
local zero-field-splitting term, that splits theS51 triplet into
a singlet and ground state doublet, with an effective spinS
5 1

2 . It is by virtue of the zero-field-splitting term that w
could employ well-established results for the Ising model
LiNiPO4. To our knowledge, there is no measurement of
zero-field-splitting termD in this compound; however, the
preponderance of experimental evidence is that the large
distortion of charge symmetry around Ni21 from cubic
symmetry,25–28 the larger this term becomes. Based on ca
ful electron paramagnetic resonance~EPR! measurements14

of LiNiPO4, and on our susceptibility measurements, we
timateD.10 K.

The magnetic susceptibility below and above the AF tra
sition can be fully explained in terms of the pure square
Ising model as solved in the seminal works of Fisher a
Sykes.31,32 The fit to the susceptibility data, not just near th
critical point, but above and below the transition, is rema
able. The evidence for AF correlations aboveTN implicit in

-
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the susceptibility measurements is corroborated by the ob
vation of neutron diffuse scattering at a similar temperat
range.

There are very few compounds that exhibit 2D Ising-li
behavior, the most important of which is K2CoF4 where the
Co21(3d7) configuration with an effective spin ofS5 3

2 has
a ground state doublet~effective S5 1

2 ) due to crystal field
effects and spin-orbit coupling.25 Susceptibility measure
ments near the critical point on single-crystal K2CoF4 by
Breedet al.34 were found to be in excellent agreement w
calculations made by Fisher.32 Subsequent neutron scatterin
experiments35,36confirmed the 2D Ising-like behavior of thi
system. However, to our knowledge, the present study p
vides the first demonstration of Ising-like behavior
Ni21 (S51), and we believe that this is by virtue of th
strong zero-field-splitting term in LiNiPO4.

The behavior of the iron-doped compound is much m
complicated than that of the pure LiNiPO4, and as we cur-
rently lack a rigorous theory, the discussion has been mo
qualitative, based on comparisons with the pure compou
Indeed, the structural and magnetic studies of the p
LiNiPO4 compound proved to be quite important for th
qualitative understanding of the doped sample. The tw
dimensional characteristics of the pure system seem to
strongly modified by the introduction of minute amounts
iron into the compound. The value of the exponent for
doped compoundb50.34 is much closer to that of th
simple cubic~3D! Ising modelb50.324~Ref. 37!. The AF
transition temperatureTN is increased fromTN519.1
60.5 K to TN525.260.5 K, indicating stronger coupling
between the planes. We argued that an Fe that occupies
site can affect the magnetic state of nearby Ni ions in t
ways. First, it can magnetically couple via direct or super
change to a Ni as it is only 3.1 Å apart. Second, the cha
difference between Fe31 and the replaced Li1 can strongly
distort the crystal field symmetry around a Ni ion. Such
distortion away from the cubic symmetry enhances the ze
field-splitting term and can introduce other terms that split
threeS51 levels.
ate
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The Fe ion residing between two Ni ions on adjacent la
ers ~see Fig. 9! effectively couples these two moments fe
romagnetically, regardless of the type of Fe-Ni exchan
~FM or AF!. In the paramagnetic state, the insertion of ir
gives rise to FM-like behavior as seen inx(T) (T range
30–25 K, Fig. 11!. In the AF state of the pure compound, th
two nearest-neighbor Ni moments in adjacent layers or
antiparallel to one another and the interaction of the iron
symmetry cancels out, giving rise to frustration and to sp
glass-like behavior as observed~see Fig. 11!. We feel that
the doped system is an excellent candidate for the ne
studied class of layered planar Ising models.38

Although long-range order associated with iron impuriti
was not observed, the strong influence that these impur
have on the nature of the transition implies some degree
regularity in their inclusion. Also, the results suggest th
iron impurities between the planes, in the tunnels that the
ions occupy, are localized in fixed positions. Thus, althou
charge compensation arguments suggest the creation o
cancies in the channels as iron replaces Li ions, the i
atoms in the channels would obstruct Li ionic free hoppin
This picture is consistent with recent NMR studies13,14 and
with the observation that thermal motion of Li ions is su
pressed~Tables I and III! as the system is doped.
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